Abstract Access to screening mammography may be limited by the availability of facilities and machines, and nationwide mammography capacity has been declining. We assessed nationwide capacity at state and county levels from 2003 to 2009, the most recent year for which complete data were available. Using mammography facility certification and inspection data from the Food and Drug Administration, we geocoded all mammography facilities in the United States and determined the total number of fully accredited mammography machines in each US County. We categorized mammography capacity as counties with zero capacity (i.e., 0 machines) or counties with capacity (i.e.,C1 machines), and then compared those two categories by sociodemographic, health care, and geographic characteristics. We found that mammography capacity was not distributed equally across counties within states and that more than 27 % of counties had zero capacity. Although the number of mammography facilities and machines decreased slightly from 2003 to 2009, the percentage of counties with zero capacity changed little. In adjusted analyses, having zero mammography capacity was most strongly associated with low population density (OR = 11.0; 95 % CI 7.7-15.9), low primary care physician density (OR = 8.9; 95 % CI 6.8-11.7), and a low percentage of insured residents (OR = 3.3; 95 % CI 2.5-4.3) when compared with counties having at least one mammography machine. Mammography capacity has been and remains a concern for a portion of the US populationa population that is mostly but not entirely rural.
Introduction
Screening mammography is currently the most effective way to detect breast abnormalities and has led to an estimated 10-25 % mortality reduction from breast cancer [1, 2] . Even as mammography use has reached a plateau in recent years [3] , mammography usage varies by state [4] and a significant proportion of women are not up-to-date with screening, especially low-income women, those who are uninsured [5, 6] and those without usual source of care [7] . In November 2009, the US Preventive Services Task Force (USPSTF) recommended that women aged 50 and older undergo routine screening mammography every 2 years [8] . Earlier USPSTF recommendations and those of the American Cancer Society and the American College of Radiology recommended beginning annual screening for women 40 years of age and older [9, 10] .
Among the barriers to screening that have been detailed in the literature is access to mammography facilities [11] [12] [13] [14] [15] . The conceptual framework describing access to medical services includes a number of related characteristics: availability or supply of services, accessibility or distance to those services, how accommodating and acceptable the services are to individuals, and the affordability of the services [16] . The availability of mammography machines, defined as mammography capacity, is a key component of access. In 2006, the US Government Accountability Office (GAO) issued a report regarding nationwide capacity for mammography from 2001 to 2004 indicating that mammography capacity decreased by 6 %. Although the capacity was judged to be nationally adequate, one-fourth of counties had no mammography capacity [17] . Additional research has shown that the lack of imaging resources in the US may be a barrier to screening [18] as well as being associated with a later breast cancer stage at diagnosis [19] .
For this analysis, we updated the GAO 2006 report and provided a more detailed examination of state-and countylevel mammography capacity from 2003 to 2009, the most recent years for which complete data were available. Because a relatively large proportion of counties have no capacity, we further sought to describe and compare the sociodemographic and geographic characteristics of counties with zero mammography capacity (no machines) with those counties having capacity (at least one machine) in order to better understand the factors that underlie disparities in access to mammography.
Methods

Mammography Facilities
To determine the location of all certified mammography facilities in US counties during 2003-2009, we obtained data from the mammography program reporting and information system (MPRIS), which is managed by the Food and Drug Administration (FDA) [20] . The FDA requires all US mammography facilities (including those in US territories and overseas military facilities) to undergo annual inspections and triennial accreditation and certification in order to comply with the Mammography Quality Standards Act (MQSA) of 1992 (42 U.S.C. 263b, reauthorized 1998 and 2004). For each year in our study interval, we identified all facilities certified on October 1st of that year. Using the facility ID codes, we linked each certification record to the corresponding annual inspection record, which contained the address data used for the on-site inspections and findings from those inspections.
After excluding facilities with an address in a US territory or an overseas location, we used all available street address, city, state and ZIP code data to determine the county where the facility was located. Using a variety of geocoding resources [ESRI Street Map Premium, 2008 NAVTEQ streets, Caliper TransCAD, and ESRI Data DVD 9.3 with ArcGIS software (Version 9.3, ESRI, Redlands, CA)], we geocoded 97 % of the facilities to the street level and the remaining 3 % to the zip code level. In most instances in which facilities were geocoded only to the zip code level, the entire zip code area fell within a county boundary. If the zip code spanned more than one county, but 95 % of the population in that zip code resided in one county, we assigned the facility to that county. We also used web mapping tools (Superpages.com and Google Maps) or information from facility staff to determine the county in which a facility was located. County boundaries in all states were based on 2007 data. To estimate annual county-level mammography capacity, we aggregated inspection record data across all county facilities to determine the total number of available fully accredited mammography units in each county, including all full field digital, computed radiography, film screen and mobile units. We then classified counties as either having or not having at least one mammography unit. Next, we derived year-specific mammography capacity ratios for each county by dividing the number of mammograms that theoretically could be performed in the county by the number of women in the county 40 years of age and older. We estimated the number of mammograms that theoretically could be performed by multiplying the number of mammography machines in the county by 6,000 (the number of mammograms that the GAO estimated that a single mammography machine can perform per year) [17] . A capacity to population ratio C1 indicates that capacity fully meets the population needs for that year. Ratios below 1.0 suggest the county would not be able to provide a mammogram to all female county residents 40 years of age and older in that year. We used an age cutoff of 40 for our analyses because most screening guidelines during the study period recommended that mammography screening begin at age 40, and results of a 2006-2007 survey of US primary care physicians showed that virtually all were recommending that their patients begin annual mammography screening at age 40 [21] .
County Characteristics
We used the most recent county-level sociodemographic data available from a number of sources. We obtained annual population data from the US Bureau of the Census [22] [24] . In addition, we used data from Census 2000 Summary File 3 to calculate the household income inequality ratio for each county. The household income inequality ratio is the ratio of the number of households with high household income in 1999 (the upper fifth or C$75,000) divided by the number of households with low household income (lowest fifth or B$19,000 or less). Census 2000 Summary File 3 provided the number of households in 16 county-level household income categories. The total household income for each category was estimated by multiplying the number of households in each category by the mid-point of the range of income for each category.
We also used data from the 2009-2010 ARF to determine county-level numbers of non-federal primary care physicians (i.e., physicians specializing in family medicine, general practice, general internal medicine, and general obstetrics-gynecology). We then calculated the primary care physician density per 100,000 county residents by dividing the number of primary care physicians in each county by that county's population estimate and multiplying by 100,000.
Rural/Urban Classification of Counties
We divided counties into three population categories based on rural/urban continuum (RUCC) codes developed in 2003 by the US Department of Agriculture [25] . The RUCC codes divide counties into nine groups based on their population and their adjacency to a metropolitan county. We distinguished between metropolitan counties (codes 1-3), suburban/small town counties (codes 4-7) and rural counties (codes 8-9) in our analyses.
Statistical Analyses
We used SAS version 9.2 (SAS Institute Inc., Cary, North Carolina) to compare zero capacity counties to counties with at least one mammography machine by their urbanrural classification and by the selected socio-demographic characteristics and health care variables described above. Using ArcGIS 10 software (ESRI, Redlands WA), we constructed a map showing the location of counties with no mammography capacity.
We then examined the relationship between mammography capacity (zero capacity vs. any capacity) and total population density, percent insured, percent poverty, household income inequality ratio, and primary care physician density using multivariate logistic regression to calculate adjusted odds ratios (ORs) and 95 % confidence intervals (CIs). The values of each of the independent variables were divided into tertiles. Regression analyses were performed using SAS software version 9.2 (SAS Institute Inc., Cary, North Carolina).
Results
From 2003 to 2009
, the number of US, mammography facilities decreased by roughly 5 % (from 8,936 to 8,505) and the number of mammography machines decreased by roughly 10 % (from 13,400 to 12,098) ( Table 1 ). If one assumes that each machine has the potential to perform 6,000 mammograms per year, this means that the maximum annual number of mammograms that could be performed in the United States decreased by 7.8 million during this period. The number of digital machines increased almost 19-fold (from 350 to 6,572), and the proportion of all machines that were digital increased from 2.6 to 54.3 %. The number of counties with no machines, In 2009, the proportion of mammography machines that were digital ranged from 31 % in Wyoming to 81 % in Vermont; California, Texas, New York, Florida, and Pennsylvania had the largest number of digital machines (together accounting for 34 % of the national total) ( Table 2) . Of all digital machines, 86.1 % were in metropolitan counties, 13.3 % in suburban/small town counties, and 0.6 % in rural counties (data not shown).
Of the 12,098 mammography machines reported for 2009, 225 were mobile machines. Furthermore, 86 % (194/ 225) of the mobile machines were in metro counties. Only 3 mobile mammography machines were in completely rural counties (RUCC codes 8-9) (data not shown).
Most zero-capacity counties were classified as ''rural'' (Table 3) . Rural counties were eight times more likely to have zero capacity than were counties classified as ''metropolitan'' (data not shown). Among women 40 years of age and older who resided in rural counties, more than half of the women resided in counties with no mammography machines whereas only around 2 % of those in metropolitan counties had no such access. In addition, the 2009 population density in zero-capacity counties was less than that in counties with at least one mammography machine even among counties with the same urban-rural classification. However, the mean population density in both suburban/small town and rural zero-capacity counties was considerably less than that in metropolitan zerocapacity counties, which suggests that population density does not, by itself, account for the number of mammography machines. Overall, there was about 6 % difference in the percent insured among the various rural-urban categories, with the lowest percent insured seen in zero capacity non-metropolitan rural counties.
The proportion of residents with incomes below the poverty level averaged 13.9 % in urban counties, 17.7 % in suburban/small town counties, and 17.4 % in rural counties ( Table 3 ). The highest percentage of poverty (20.3 %) was in zero-capacity suburban/small town counties. Overall, the household income inequality ratio in metropolitan counties was about 2.5 times higher than that in suburban/small town counties and about 3.0 times higher than that in rural counties. Although the income inequality ratios for metropolitan and suburban/small town counties were substantially higher in counties with mammography capacity than in counties with no capacity (15.4 vs. 8.5 and 5.7 vs. 3.9, respectively), the ratios for rural counties differed little by mammography capacity status (4.2 vs. 4.1). Among counties with mammography capacity, primary care physician density was higher in those classified as metropolitan than in those classified as suburban/small town or rural. Among zero-capacity counties, physician density was highest in those classified as suburban/small town, and physician density in counties classified as rural was similar to that in counties classified as metropolitan.
Results of our unadjusted analysis of the relationship between the absence of mammography machines and county characteristics showed that the likelihood of a county having zero capacity was positively associated with the percentage of the population below the poverty level and negatively associated with population density, percentage of the population with health insurance, household income inequality ratio, and primary care physician density (Table 4) . Although each of these associations remained significant in our adjusted analyses, zero capacity was most strongly associated with low population density (OR = 11.0; 95 % CI 7.7, 15.9), low primary care physician density (OR = 8.9; 95 % CI 6.8, 11.7), and a low percentage of insured residents (OR = 3.3; 95 % CI 2.5, 4.3).
Discussion and Conclusions
For the majority of states in the US, the number of mammography machines appears adequate for the population as a whole, but analyses by state do not capture geographic disparities within the state. Similar to an earlier examination of national mammography capacity, our findings indicate that capacity is not distributed equally across counties [18] and that 870 (27.7 %) counties have zero capacity. Although the number of mammography facilities and machines decreased slightly between 2003 and 2009, the percentage of zero-capacity counties remained fairly consistent. According to 2009 census data, almost 2.5 million women 40 years of age and older lived in these zero-capacity counties. In general, zero-capacity counties had a lower population density, a higher percentage of residents in poverty, a lower prevalence of insurance coverage, and a lower primary care physician density than did counties with at least one mammography machine.
We also found that, in metropolitan and suburban/small town counties, the likelihood of having a least one mammography machine was positively associated with income inequality. The magnitude of differences across the income spectrum and concentrated wealth or poverty represent different kinds of inequalities that can operate differently at individual, community or larger geographic levels [26] . Income inequality has been associated with health disparities [27] but the pathways through which inequality operates are not fully understood [28] [29] . A higher income inequality ratio indicates a wider range of incomes and higher incomes suggest higher demand and ability to pay for services requiring more resources to meet that demand [30] . This may be especially true for the growth of a new technology such as digital mammography. Higher income inequalities were seen in metropolitan and suburban/small town counties compared with rural counties and in metropolitan capacity versus metropolitan zero-capacity counties. Income inequality, mammography capacity, and the proportion of digital machines were largest for the metropolitan counties. While services may be present in metropolitan counties with high income inequalities as demanded by high income groups, these services may not be accessible to the lowest income groups within that county whose dependence on public transportation may limit access [31] . Household income inequality ratio was the same for rural capacity and zero-capacity counties. Rural counties with capacity have higher population density, lower poverty and higher physician density than rural counties with zero capacity. The results of our multivariate regression analysis showed that population density, primary care physician density, and insurance prevalence were the factors most strongly associated with a county's mammography capacity status. Within all three of our urban-rural categories, zero-capacity counties had a lower primary care physician density than did counties with at least one mammography machine. The metropolitan zero capacity counties had a physician density almost equal to the zero capacity rural areas despite the higher population density of the metropolitan area counties. Although most of these counties were classified as metropolitan due in some degree to their adjacency to large metropolitan counties, they are not rural. Clearly medical service shortage is not strictly a phenomenon of rural areas.
Technology is an important consideration with respect to the geographic allocation of medical resources. More advanced technology would typically be seen in locations that can support such technology, both in terms of trained personnel, specialized facilities or other resources, and this is true for digital mammography capacity located primarily in metropolitan areas. While the percent of digital mammography machines has increased substantially over this time period, the vast majority are located in metropolitan areas (86 % in metropolitan counties vs. 0.6 % in rural counties (data not shown). These areas are also areas of greatest income inequality and of demand and ability to pay for new technologies. However, because digital mammography machines produce images that can be transmitted electronically to off-site locations for interpretation, digital machines may be especially appropriate technology for rural areas, the areas least likely to have them. A potential barrier is the increased cost associated with digital mammography [32] . Even as digital machines allow facilities to increase exam workload [33] and produce records that are easily accessible thereby improving efficiency and productivity, savings may be offset by the cost of the equipment as well as costs associated with image archiving and printing [34] .
Our facility numbers do not exactly match those found on the FDA Website Scorecard Statistics which presents commonly requested national statistics on the MQSA program [35] . This is due to several factors. First, the FDA counts all facilities that are certified, including military facilities outside the US We included only facilities within US counties. Second, the FDA summary statistics are based upon certification records where addresses may not be actual facility addresses but may refer to administrative offices. In contrast, we merged certification information with inspection records in order to obtain the actual addresses used by inspectors when they go onsite to inspect the facilities. Despite these differences, we obtained an overall facility percentage match of 97-98 % for the years 2003-2009. One limitation is that capacity assessments at the state or county levels do not indicate whether people in a specific area within a state or county have access to mammography services within that area. For example, we found that North Dakota had a large number of zero-capacity counties even though it had an overall capacity to population ratio [1, indicating adequate capacity at the state level. Similarly, the assignment of uniform sociodemographic characteristics at the county level can conceal considerable variation in the distribution of these characteristics at the community level, a variation which our results do not reflect. Furthermore, US counties differ substantially in size and population density, and county residents are not distributed evenly within counties. We took population density into account in our assessment of the relationship between county sociodemographic characteristics and absence of mammography machines. Another potential limitation is that women in zero capacity counties may have obtained mammograms from a neighboring county or from a mobile mammography machine from an adjacent county. Since the locations of mobile mammography machines were assigned to the county of its home facility, their areas of service were unknown. Although the number of mobile machines is low, resulting in little impact on overall capacity, some zero capacity counties may be served by these mobile machines from another county. Another limitation is that we almost certainly overestimated mammography capacity because we assumed that all machines were fully functional at all times.
Several studies comparing screening prevalence to availability of mammography facilities using data from the Behavioral Risk Factor Surveillance System (BRFSS) found that unavailability of mammography facilities may be a barrier to screening [18, 36] . We could not provide a direct assessment of the relationship between screening utilization as reported in the BRFSS and the availability of screening facilities from the FDA because of BRFSS data limitations. BRFSS samples are designed to provide reliable national and state-level estimates on risk factors and health-related behavior. Many of our zero capacity counties had relatively small populations, and the number of BRFSS respondents in those counties was too small to provide a reliable county level estimate.
Our results show that mammography capacity has been and remains a concern for a portion of the US populationa population that is mostly but not entirely rural. Increasing the age at which mammography is initiated from 40 to 50 years of age would reduce the total number of mammography machines needed on a national basis, would have no effect on zero capacity counties. In the current economic environment, the efficient allocation of resources where need is greatest assumes an even greater importance. This investigation of capacity is one step in assessing that need. Also suggested by this research is the need to allocate resources where the need is greatest or likely to increase. Digital mammography can facilitate remote screening services which may help to address chronic deficits in medical services, despite increased cost. Furthermore, changes in the age distribution of the population and changes in insurance coverage that would decrease costsharing would be expected to create greater demand in certain locations [37] . A countervailing trend however, is a potential for decline in capacity due to financial constraints brought on by the recent economic downturn. These changes suggest a need to monitor capacity in the future. A focus on the distribution of mammography services and on the effects of technological advances may inform our efforts to address disparities in access to mammography.
